During the friction stir welding (FSW) of heat-treatable aluminum alloys, the welding thermal cycles tend to cause a local softening in the joints and thus lead to a degradation in joint properties. Underwater FSW has been demonstrated to be available for the strength improvement of normal joints. In order to obtain the optimum welding condition for underwater FSW, a 2219-T6 aluminum alloy was underwater friction stir welded and a mathematical model was developed to optimize the welding parameters for maximum tensile strength in the present study. The results indicate that a maximum tensile strength of 360 MPa can be achieved through underwater FSW, higher than the maximum tensile strength obtained in normal condition.
Introduction
Heat-treatable aluminum alloys with favorable strength to weight ratios are widely used in aircraft and aerospace engineering [1, 2] . Friction stir welding (FSW) is a solid state joining process and has been widely utilized to weld various aluminum alloys that were difficult to fusion weld [3, 4] . Regarding the FSW of heattreatable aluminum alloys, the thermal cycles generally deteriorate the local mechanical properties of the joints due to coarsening or dissolution of the strengthening precipitates [5] [6] [7] . In recent years, of particular interest is to improve the joint properties by controlling the temperature level. In order to do so, water has been chosen by several researchers to exert an in-process cooling effect on the samples during FSW because of its widespread distribution and excellent heat absorption capacity. Fratini et al. [8, 9] performed FSW of 7075-T6 aluminum alloy during which the water flowed across the top surfaces of the samples. The tensile strength of the joints was found to be improved to some extent. In order to take full advantage of the heat absorption capacity of water, the present authors [10, 11] conducted underwater FSW of 2219-T6 aluminum alloy, in which the whole workpiece was immersed in the water environment during the welding. The results indicated that the tensile strength of the underwater joint was higher than that of the corresponding normal joint.
Previous investigations have highlighted the advantages of external water cooling for strength improvement of normal FSW joints. From the viewpoint of application, it would be more significant to optimize the in-process cooling FSW for maximum mechanical properties of the joints. However, this work has not been conducted until now. Hence, a 2219-T6 aluminum alloy was underwater friction stir welded in the present study, and a mathematical model was developed to predict the tensile strength of the joints. Using this model, the optimization of welding parameters was conducted to maximize the tensile strength of the underwater joints.
Experimental procedure
The base metal (BM) used for the experiment was a 7.5-mmthick 2219-T6 aluminum alloy, whose chemical compositions and mechanical properties are listed in Table 1 . The plate was machined into rectangular welding samples with dimension of 300 mm long by 100 mm wide. After cleaned by acetone, the samples were clamped to the backing plate in a vessel, and then the water at room temperature was poured into the vessel to immerse the top surfaces of the samples. Fig. 1 shows the schematic view of underwater FSW. Butt welds were made under water using an FSW machine (FSW-3LM-003) along the longitudinal direction of the welding samples.
It has been stated that the tool geometry, rotation speed, welding speed and shoulder plunge depth are main factors that affect the mechanical properties of FSW joints [12] [13] [14] [15] , however, in regard to the present BM, our previous work demonstrated that the tool with a 22.5-mm-diameter shoulder and a 7.4-mm-length pin was suitable for a wide range of parameters to produce defect-free FSW joints. Therefore, this tool was fixed and used throughout the whole experiment. The rotation speed, welding speed and shoulder plunge depth were considered to be variables for the optimization of underwater FSW process. Trial experiments were performed to identify the working ranges of the parameters. The feasible limits of these parameters should be determined on the basis that neither external nor internal defects are formed in the joints during FSW. The determined working ranges are listed in Table 2 .
In the present study, the three-level and three-factorial BoxBehnken experimental design was chosen for finding out the relationship between the response (tensile strength) and the variables (welding parameters). The model has the advantage that it permits the use of relatively few combinations of variables for determining the complex response function [16] [17] [18] . The levels of the variables were coded as À1 (low), 0 (central point or middle) and 1 (high) (see Table 2 ). A total of 15 experiments were required in the Box-Behnken experimental design. The actual design of matrix is shown in Table 3 . Underwater FSW experiments were made according to this design.
K-type thermocouples were used to measure the temperature of the samples during FSW. The measured locations were started at the heat affected zone (HAZ, 6 mm from the weld center) and then extended to the BM at the weld mid-thickness. The space was 3 mm between the adjacent measured locations.
After welding, the transverse tensile specimens were cut from the joints. The tensile specimens were prepared with reference to China National Standard GB/T2651-2008 (equivalent to ASTM B557-02) [19] . The room temperature tensile test was carried out at a crosshead speed of 1 mm/min using a computer-controlled testing machine (Instron-1186). The tensile properties of each joint were evaluated using three tensile specimens cut from the same joint. After tensile test, the optical microscopy (OM, Olympus-MPG3) and scanning electron microscopy (SEM, Hitachi-S4700) were utilized to analyze the fracture features of the joints. The development of mathematical model and the subsequent statistical analysis were both performed by Design-Expert software.
Transmission electron microscopy (TEM) analyses were conducted on some specific joints. The foil disk specimens were cut parallel to the welding direction from the HAZ (at a distance of 6 mm from the weld center) and the BM at weld mid-thickness. The specimens were first machined and manually polished down to a thickness of 100 lm. The final thickness reduction was acquired by electro-polishing with a HNO 3 solution (HNO 3 30% in volume in methanol at À35°C under 18 V).
Results and discussion

Development of mathematical model
For three variables, the quadratic response 'y' is described in the form of the following equation [16] :
where b 0 is the intercept term, b i is the linear term, b ii is the quadratic term and b ij is the interaction term.
In the present study, the response, i.e. tensile strength (TS), is a function of rotation speed (x), welding speed (v) and shoulder plunge depth (p), therefore the equation can be expressed as: 
The experimental results of tensile strength are given in Table 3 . By applying multiple regression analysis on the design matrix and the response values, the following second-order polynomial equation is established:
The variance was analyzed to test the significance of fit of the equation (see Table 4 ). The model gives a highly significant F-value, demonstrating that the model adequately represents the actual relationship between the response and the variables. Any model term with p < 0.05 is significant. Therefore x, v, There are two functions of the developed model. First, the joint properties obtained at any combination of parameters in the present working ranges can be predicted by the mathematical model; second, the optimization of underwater FSW process can be conducted by analyzing the model.
Influence of welding parameters on tensile strength
Prior to optimization, it is necessary to illuminate the influence of welding parameters on tensile strength. For this purpose, 3D response surface graphs and contour plots are formed based on the developed model by considering one parameter in the middle level and the other two parameters as variables (see Fig. 2 ).
With increasing the rotation speed at a given welding speed or shoulder plunge depth, the tensile strength first increases to a maximum value and afterwards shows a decrease (see Fig. 2a-d) . The poor tensile strength at lower rotation speeds is generally owing to the inadequate tool stirring action [20, 21] . Increasing the rotation speed in a certain range enhances the strain hardening effect induced by tool stirring and thus results in the increase in tensile strength. However, when the rotation speed increases to a rather high value, the excess heat input plays the predominant role and lowers the tensile strength significantly. This is just the reason why the rotation speed close to 1000 rpm tends to yield high tensile strength.
At a given rotation speed or shoulder plunge depth, the initial increase of welding speed increases the tensile strength to a certain value, and further increase of welding speed makes the tensile strength nearly constant (see Fig. 2a-b and e-f) . The lower welding speed produces larger heat input into the welding samples, which significantly deteriorates the mechanical properties of joints. As the welding speed increases, the effect of thermal cycles on joint properties is weakened, leading to an improvement in tensile strength. Therefore, the relative high welding speeds (above 200 mm/min) are benefit to produce good-quality underwater joints.
When the shoulder plunge depth increases at a fixed rotation speed or welding speed, the evolution of tensile strength shows similar trend to that with rotation speed, i.e. first increases to a maximum value and then presents a decrease (see Fig. 2c-f) . However, the tensile strength is less sensitive to change of shoulder plunge depth than to change of rotation speed. Increasing the shoulder plunge depth in a certain range can improve the forging action on the plasticized metal and enhance the material mixing and inter diffusion, which is benefit to strength improvement. Nevertheless, if a rather large shoulder plunge depth is employed, the heat input then leads to the decrease of tensile strength by deteriorating the strengthening precipitates. Accordingly, the shoulder plunge depth close to 0.3 mm facilitates higher tensile strength.
Optimization of welding parameters
A maximum point is observed from the response surface graphs between any two variables and the response (see Fig. 2a, c and e) , indicating that there is a maximum tensile strength value inside the experimental region. By analyzing the response surface graphs and contour plots, the optimum welding parameters and the maximum tensile strength are obtained, as listed in Table 5 . To demonstrate the validity of the procedure, underwater FSW was conducted using the optimum welding parameters. The experimental result exhibits highly agreement with the predicted value.
For the base metal used in this study, the maximum tensile strength of the FSW joints was found to be 340 MPa in normal condition, which was obtained at the rotation speed of 600 rpm, welding speed of 200 mm/min and shoulder plunge depth of 0.3 mm [22] . However, the present investigation demonstrates that a maximum tensile strength of 360 MPa can be achieved through underwater FSW, 6% higher than that obtained in normal FSW.
Intrinsic reason for strength improvement by underwater FSW
Under normal condition, the tensile strength of the FSW joints of heat-treatable aluminum alloys cannot be further improved due to the limitation of heat dissipation level, but the joint with relatively high tensile strength can be produced through underwater FSW. To clarify the intrinsic reason for the strength improvement by underwater FSW, the optimal joints obtained from normal and underwater FSW were analyzed detailedly.
From the welding thermal cycles shown in Fig. 3 it can be seen that the optimal underwater joint experiences lower peak temperature than the optimal normal joint (see Fig. 3a) . Furthermore, the optimal underwater joint is characterized by greater heating and cooling rates, leading to a shorter dwelling time above a given temperature (see Fig. 3b ). This means that the water cooling action effectively controls the temperature levels during FSW. The diffusion of solute atoms is therefore restricted, which lowers the precipitate deterioration level during FSW (see Fig. 4 ). Fig. 5 shows the fracture features of the both optimal joints. The fracture of the optimal normal joint is observed near the interface of thermal mechanically affected zone (TMAZ) and heat affected zone (HAZ) (see Fig. 5a ), as commonly occurred in other normal specimens [5, 7] . In contrast, the optimal underwater joint is fractured through the nugget zone, closer to the weld center. The movement of fracture location further demonstrates the reduction in material softening. The two fracture surfaces are significantly different because they occur in two different weld zones. The large dimples in Fig. 5c are reflections of the distorted and grown grains near the TMAZ/HAZ interface; in turn, the small equiaxed dimples in Fig. 5d characterize the typical nugget grain structures. Several previous investigations have also found the positive effect of external liquid cooling on strength improvement of FSW joints [8, 9, 23, 24] . However, these results were all obtained under the condition that the welding parameters used for in-process cooling FSW were the same as those used for normal FSW. In comparison, the result of the present study is more significant, because it demonstrates that the joint properties can be further improved on the basis of the optimal normal FSW. That is to say, the mechanical properties of FSW joints of heat-treatable aluminum alloys are able to be essentially improved by external liquid cooling action. The water cooling conferred to the joint during the FSW allows to limit as much as possible the heat flow nearby the tool, and thus can further weaken the negative effect of thermal cycles on the microstructures of joints when compared to the optimal normal FSW process. Finally, the joints with superior tensile properties can be produced through underwater FSW. 
Conclusions
Based on the present investigation, the results of significance are drawn as follows:
(1) A mathematical relationship between tensile strength and welding parameters is developed to predict the tensile strength of underwater friction stir welded 2219-T6 aluminum alloy. For the three investigated process parameters, the variance analysis indicates that the rotation speed and the welding speed are predominant factors that affect the tensile strength. (2) The effects of welding parameters on tensile strength of the underwater joints are clarified by analyzing the developed model, and the intrinsic reasons for these effects are also discussed. (3) The optimization result indicates that a maximum tensile strength of 360 MPa can be obtained through underwater FSW, which is verified by the experimental result. This value is 6% higher than the maximum tensile strength obtained in normal FSW. The controlling of temperature histories and microstructural evolutions is found to be the intrinsic reason for the strength improvement by underwater FSW. 
